more benign facio-scapulo-humeral type and in dystrophia myotonica but not in the limb-girdle type with its variable individual progression (Walton and Nattrass, 1954) .
In the Duchenne type of dystrophy serum aldolase activity declines less smoothly with age in young active patients than in those physically disabled (Thomson et al., 1960) , and the wide individual variations found in ambulant children (Thompson and Vignos, 1959 ) disappear only when they become bedridden .
The effects of rest and exertion on the serum enzymes aldolase, glutamic-oxalacetic and glutamicpyruvic transaminases have now been examined in various types of muscular dystrophy. The results are discussed to prevent errors in biochemical diagnosis, and further useful information is included.
METHODS DIPHOSPHOFRUCTOALDOLASE 1: 6-Diphosphofructoaldolase, found in normal serum, is an intracellular glycolytic enzyme abundant in skeletal muscle, 300 mg. of which contains as much as the entire adult circulation (Sibley and Fleisher, 1954) .
Aldolase reversibly splits D-fructose-1: 6-diphosphate (FDP) into equimolecular amounts of the trioses D-glyceraldehyde-3-phosphate (G-3-P) and dihydroxyacetone phosphate (DAP), and is estimated colorimetrically (Sibley and Lehninger, 1949; Evans and Baker, 1957; Friedman and Lapan, 1958) by triose production measured as alkaline osazone, or enzymatically (Beisenherz, Boltze, Bucher, Czok, Garbade, Meyer-Arendt, and Pfleiderer, 1953; Slater, 1953) by coupled systems dependent on reduced diphosphopyridine nucleotide (DPN-H).
In the enzymatic method, used throughout2, triose formed is converted by excess added triose phosphate isomerase to DAP, thence to glycerophosphate by DPN-H and glycerophosphate dehydrogenase. The rate of change of optical density of the system at 340 m,t measures conversion of DPN-H to DPN by DAP produced, and thus the serum aldolase activity which is reported as ,ul. of FDP split per hour by 1 ml. of serum at 37°C. (Bruns, 1954) .
All readings were taken in a thermostatic cell chamber against serum in normal saline. After adding serum to the reagents at 37°C. in the photometric silica cell, five minutes were allowed for serum lactic dehydrogenase to equilibrate traces of serum pyruvate with DPN-H (Karmen, 1955) . Final calculations were made from straight-line graphs of optical density against time. Serum of very high activity was diluted with normal saline, a method proved by testing serial dilutions. Serum retained its aldolase activity for at least a fortnight at -17°C. TRANSAMINASES Transaminases are also intracellular enzymes abundant in skeletal muscle and found in normal serum.
Serum glutamic-oxalacetic transaminase (SGOT) reversibly converts aspartic and a-ketoglutaric acids to oxalacetic and glutamic acids, and serum glutamicpyruvic transaminase (SGPT) similarly alanine to pyruvic acid. Assay may be enzymatic (Karmen, 1955; Karmen, Wr6blewski, and LaDue, 1955; Wroblewski and LaDue, 1956) by coupled DPN-H-dependent systems, or colorimetric (Reitman and Frankel, 1957) by measuring the alkaline 2: 4: dinitrophenylhydrazone of the reaction product.
In the colorimetric method, used throughout3, the optical density, at 505 m,t against water, of the alkaline 2: 4-dinitrophenylhydrazone is converted from a standard graph to units of enzyme activity per millilitre of serum, corresponding to those defined by Karmen (1955) .
As before, serum of very high activity was diluted with normal saline, a method similarly found valid. Serum transaminase activity remained intact for more than a fortnight at -17°C.
The normal ranges are those found by Rowell and Smith (1959) (Whedon, 1952 Relationship of serum enzyme activities to age The ages at casual venepuncture of 24 male patients, from active boys to helpless men,were not taken in round years, but to the nearest day, and clinical status was denoted by circular points for full ambulation and triangular for permanent immobility. Characteristic linear relationships were then apparent between age and the activities of serum aldolase (Fig. 4) , of SGOT (Fig. 5) , and of SGPT (Fig. 6 ).
LIMB-GIRDLE MUSCULAR DYSTROPHY This was studied in a pregnant woman and in an advanced case.
Normal twin pregnancy, labour, and puerperium during early limb-girdle dystrophy A pregnant woman, aged 24 years, with early limb-girdle muscular dystrophy showing primary involvement of the pelvic girdle was admitted to the maternity hospital. An older sister had an exactly similar progressive muscular weakness; there was no other family history.
Examination disclosed a normal twin pregnancy near term. Not long after discharge under observation she was re-admitted, and 24 hours later was delivered of viable non-identical twin daughters after a vigorous normal labour.
Serum enzyme assays (Figs. 7 and 8) were continued from her first appearance and admission, through labour, delivery, and the puerperium, and for many weeks thereafter. Cord and later fontanelle blood was obtained from each twin (Table IV) .
After an uneventful puerperium, she felt her limbs weaker than before, in contrast to a report of normal pregnancy and delivery during dystrophia myotonica (Davis, 1958) .
Comparative obstetric studies in healthy women Figure 9 illustrates the labour and early puerperium of a healthy woman delivered of viable non-identical twin sons. Indifferent labour due to uterine incoordination required final strenuous fundal compression. There was no other difficulty. Figure 10 shows 
The course of labour and delivery. A, on admission to bed for preliminary assessment; B, active physiotherapy for 30 minutes; C, on first discharge home under observation; D, admission to bed in early labour; E, eight hours before first birth; F, two hours before first birth in strong labour; G, during uterine relaxation between deliveries. On venepuncture after delivery of placentae: H, immediately afterwards, uterus firmly contracted; 1, 15 minutes; J, two hours; K, six hours; L, 12 hours; M, 24 hours; N, 42 hours; 0, 91 hours afterwards. P, Q, R, in bed after delivery before discharge home at R; S, first venepuncture at home; T, 30 minutes t after first short walk out of doors; U to Z, remainder of THE MYOTONIC SYNDROME One representative case is described and results in others are tabulated.
Effects of rest and exercise in severe myotonia congenita A 20-year-old road labourer had life-long muscular stiffness aggravated by cold and relieved by repeated movement. On examination he showed no wasting but instead great muscular development and power, with pronounced myotonia on contraction or percussion of muscle, attenuated by repeated movement. Lens opacities and frontal baldness were absent; he has since married and is a father. A diagnosis was made of severe myotonia congenita with no suggestion of dystrophia myotonica.
Seventeen days after admission to hospital he was put to bed for six days, then allowed up for two days, then kept in bed again for a week with daily injections of A.C.T.H., which appeared to abolish the myotonia. Adrenocorticotrophic hormone was continued for two days of ambulation; three days later he was discharged, and after eight days myotonia recurred. He obtained light employment for the rest of the investigation. Serum enzyme assays were continued throughout as described in the legend to Figure 12 .
Casual venepuncture in other cases of myotonia congenita Table I lists the results. Four patients had generalized hypertrophy without weakness or wasting, and were in light occupations. A fifth had widespread paramyotonia congenita. All but one, to whom they were not given, found procaine amide tablets beneficial. Neurogenic muscular wasting Table II shows normal findings in five patients with neurogenic weakness.
The polymyositis syndrome Table III shows the results in five patients with myositis. Three were mildly disabled by proved chronic polymyositis with periodic painful exacerbations. A fourth was badly disabled for seven months by acute polymyositis, proved at biopsy, chiefly of the upper arms and shoulder girdle; ten months later steroid therapy restored full activity.
The fifth, a youth of 16 years, developed acute painful myositis of all four limbs concomitant with overwhelming staphylococcal septicaemia after a trivial injury. The serum enzyme assays (Table III) cover three weeks of massive antibiotic, antitoxin, and steroid therapy from the initial desperate illness to complete recovery with slight residual muscle wasting.
Serum enzyme activities in close relatives of dystrophic patients Table IV concerns the patient and the twin daughters she bore during early limb-girdle dystrophy. . Removal by cellular efflux (Zierler, Levy, and Andres, 1953) is greatly increased into the circulation by active stimulation in the intact animal before excision (Zierler, 1958a) . The rise in serum activity after exercise is thus explained, and its small degree by the rapid serum clearance of aldolase (Sibley, 1958) . Disease increasing muscle efflux and renewal must enhance this effect.
Secondary muscular wasting need not imply increased efflux and renewal. In neurogenic muscular disease serum activities are normal (Table II) ; only slight temporary elevations follow major motor nerve division (Aronson and Volk, 1957b) , none occur in polyarthritic disuse atrophy (Gaspairdy, Kovacs, Simon, and Vida, 1959) , and even the hyperaldolasaemia from starving muscle in malignant cachexia is much reduced by massive protein therapy (White, 1958) .
In primary muscle disease, however, enzyme efflux and serum activities are greatly increased, as in polymyositis (Table III) , especially if acute (Evans and Baker, 1957; Siekert and Fleisher, 1956; Pearson, 1957 and Brumlik, Wachs, Hummel, and Boshes, 1959; Thompson and Vignos, 1959; . Acute myositis may occur with septicaemia (Barrett and Gresham, 1958) ; Table III shows restoration of normal serum activities with successful treatment.
The greatest serum elevations occur (Figs. 4 , 5, and 6) in the Duchenne type of dystrophy, where muscle efflux enters the circulation directly, the venous return showing higher aldolase activity than the arterial supply (Dreyfus, Schapira, and Demos, 1958) . Further, the hereditary primary myopathy of Bar Harbor 129 mice, which closely resembles the disease in man, likewise shows hyperaldolasaemia due to increased muscle efflux (Zierler, 1958b) , and greatly accelerated turnover of muscle protein (Simon, Lessell, Gross, and Milhorat, 1958; Kruh, Dreyfus, Schapira, and Gey, 1960) which diminishes by increased synthesis being outstripped by greater loss. In human dystrophy, the increased enzyme efflux is almost certainly replaced with similar rapidity, magnifying the effects of exercise on serum enzyme activities. DUCHENNE TYPE MUSCULAR DYSTROPHY In the three patients selected serum aldolase and SGOT activities varied together in proportion to the muscle mass remaining, representing efflux by exercise of enzymes accumulated by rest (Figs. 1, 2, and 3) . The slight decline on rest followed on ambulation by instant large increases showed great muscle permeability in this most rapidly destructive dystrophy. The activity of SGPT, however, was much less markedly affected. These findings seem independent of enzyme molecular weights, those of aldolase and GPT being similar and thrice that of GOT (Green, Leloir, and Nocito, 1945; Dixon and Webb, 1958) . However, skeletal muscle contains abundant aldolase and GOT, but 20 times less GPT than GOT (Sibley and Fleisher, 1954; Wroblewski and LaDue, 1956) , and thus in the Duchenne type of dystrophy muscle cell permeability may be grossly non-specific.
Further, serum aldolase activity related to age showed greater efflux earlier than later (Thomson et al., 1960) , but gave a curve and not the expected straight line reflecting steady disappearance of muscle; serum transaminases defied delineation. These relationships have now been accurately defined (Figs. 4 , 5, and 6) in a much larger series of patients (24). The high values in young, active patients declined steeply through widely scattered http://jnnp.bmj.com/ points, and in older immobilized patients much more slowly through closely coinciding points towards values just above normal. The very sharp change in course coincided with the age by which most patients are confined to wheelchairs. Two different processes were evident; the large irregular variations on exertion while the muscle mass sufficed, and the underlying slow decline with shrinkage once inactivity supervened. Serum aldolase was the most sensitive index, SGOT a little less so, but SGPT least of all; and in the Duchenne type of dystrophy the assays therefore take that order of importance.
These complementary studies suggest that in early cases the difference between serum aldolase or SGOT values before rising and again after a full day of activity would confirm the diagnosis suggested by the morning assay, and indicate for prognosis the extent and severity of muscular involvement.
LIMB-GIRDLE MUSCULAR DYSTROPHY In this less disastrous type, the effects of rest and exercise are less florid and slightly different in character.
After admission to bed, the patient with twin pregnancy showed (Fig. 7) rapid diminution of SGOT and SGPT to normal and serum aldolase to twice instead of six times normal. The rapid rise in all three values after discharge was at once reversed by bed rest in labour, the course of which had little effect on them (Fig. 8) . Twelve hours after delivery, however, serum aldolase began to rise, 12 hours later the transaminases, and all three reached a marked peak on the fourth day coincident with maximal uterine involution and its enzyme discharge into serum replete with muscle efflux. In three days this excess was cleared, and on dismissal the lowest values so far were recorded. Thereafter a steady rise continued for some six weeks to values much higher than those obtained originally, followed a fortnight later by restoration of equilibrium between enzyme renewal, efflux, and serum clearance. It is important to note that, although assay was of unquestioned value before admission, it could scarcely have assisted diagnosis at the time of final discharge, while the values six weeks later were consistent with a much more destructive myopathy.
Control studies in two normal twin deliveries showed in the first (Fig. 9 ) the effects of compression on an effete myometrium. The single very high aldolase peak just after placental delivery (A) completely cleared in 24 hours, and was probably due to sudden expression into the circulation of local extracellular accumulation. Both transaminases remained normal, a slight rise disappearing by the fourth day. In the more normal second labour (Fig. 10) following placental delivery (A) serum aldolase rose to twice normal in two days, returning by the sixth; but SGOT and SGPT took five and six days respectively, and barely exceeded normal. The long-dead foetus compressus could have had no effect on the maternal serum enzyme activities (Mason and Wr6blewski, 1957) . These findings agree with other reports (Santoni, 1956; Bompiani, 1956; Candura and Lovotti, 1957; Wroblewski, 1958; Dubach and Stamm, 1958; Borglin, 1958; Friedman and Lapan, 1958; Prystowsky, Hellegers, Ranke, Ranke, and Chow, 1959) .
The findings in the youth with advanced limbgirdle dystrophy (Fig. 11) MYOTONIA CONGENITA In contrast, the serum enzyme activities here altered only on the physical demands of continued employment, and not on brief changes in exertion.
On the day after admitting the road labourer (Fig. 12 ) straight from work his originally normal SGPT and slightly raised SGOT activities had diminished, that of serum aldolase falling from six times to twice normal. Alternate bed rest and ambulation then caused little change, but transient elevations coincided with intense exertion after A.C.T.H. relieved the myotonia, the return of which had little effect. Light employment later slightly raised serum aldolase activity, but the final values were all much lower than originally, SGOT and SGPT being normal and aldolase only thrice instead of six times normal.
This raised serum aldolase activity supports the proposed inclusion of myotonia congenita as a muscular dystrophy (Maas and Paterson, 1950; Walton and Nattrass, 1954) , and the normal transaminases, grossly elevated usually only in rapid muscle destruction, seem to confirm that wasting, if it occurs at all, is minimal and late. Raised serum aldolase activities were also found in one of three other patients with myotonia congenita and in one with paramyotonia congenita (Table I) , all in light occupations; serum transaminases were again normal.
The diagnostic significance of these enzymes in myopathy is now evident. Serum aldolase was almost always considerably raised; but SGOT and SGPT only in the Duchenne type of dystrophy and in acute myositis with their rapid muscle destruction (Figs. 4 , 5, and 6 and Table III), much less so in limb-girdle dystrophy with its slower wasting (Figs. 7 and 11), and normal in myotonia congenita with no wasting at all (Fig. 12 and Table I ). Serum aldolase activity is thus a sensitive index of the dystrophic process, precisely delineating progress in the Duchenne type (Fig. 4) , while the transaminases seem to mark the accompanying muscle destruction.
SERUM ENZYMES IN DYSTROPHIC FAMILIES Since muscular dystrophy shows familial transmission (Walton and Nattrass, 1954; Blyth and Pugh, 1959) , reassurance may be sought in infants and even adults of afflicted families. Certain important and misleading difficulties arise.
Infants Placental impermeability allows the foetus its own serum activities, which in newborn infants normally exceed maternal values. Cord serum aldolase activity may be 20 units per ml., or thrice the maternal value (Friedman and Lapan, 1958; Lapan and Friedman, 1959) , rising higher in physiological jaundice (Martoni and Musiani, 1958) and grossly in icterus gravis (Sibley and Fleisher, 1954) . Much lower values by the third week of life become adult by the sixth month (Beckmann, 1959) . Similarly cord and neonatal SGOT activity shows a wide normal range of 13 to 105 units per ml. (Kove, Goldstein, and Wroblewski, 1957a; Prystowsky et al., 1959) , and SGPT an upper normal limit of 90 units per ml. (Kove et al., 1957b) .
Pearson (1961a), however, found far greater elevations in a 4-month-old boy without clinical signs, but with an extensive family history of the Duchenne type of dystrophy, in whom muscle biopsy later confirmed its presence. The 4-year-old boy reported here (Table V) had obvious signs and gross elevations, while his healthy mother, near term with a second pregnancy, had normal values (Evans and Baker, 1957; White, 1959; Leyburn, Thomson, and Walton, 1961) save for a trivial elevation of aldolase. His 17-day-old infant brother and only sib had values normal for that age, and thus no evidence of dystrophy.
The non-identical twins born during maternal limb-girdle dystrophy (Table IV) also showed, as expected, no evidence of dystrophy, with normal neonatal serum enzyme activities, different from those of the mother, rising predictably with physiological jaundice. Two years later they were perfectly healthy.
Older individuals Few cases of twins with the Duchenne type of dystrophy are recorded (Soltan, 1959) . The 121-year-old dystrophic boy (Table VII) showed all three expected elevations (Figs. 4, 5 , and 6), while his healthy non-identical twin showed normal transaminases but a significantly raised aldolase value. Similarly, persistent moderate elevation of serum aldolase activity was found in one of two healthy adult brothers of two patients with terminal Duchenne type of dystrophy (Table VI) .
These findings accord with a report (Chung, Morton, and Peters, 1960) that in families exhibiting the Duchenne type of dystrophy a few heterozygous individuals may show increased serum aldolase activities, and, more rarely, some physical disability and creatinuria as well.
From the foregoing instances and discussion, it is clear that enzyme assays in relatives must be interpreted with caution, since modest elevations may occur in health; gross elevations, however, leave no room for doubt, and here the clinical evidence, except in infants, will be obvious.
SUMMARY AND CONCLUSIONS
The importance of serum aldolase, SGOT, and SGPT activities in the diagnosis of primary muscle disease has been emphasized, and common causes of misleading variations in them have been systematically explored. The following conclusions have been reached: I In neurogenic muscular weakness and wasting all three activities are normal.
2 In the physiological muscle destruction of the early puerperium all three activities show transient elevations.
3 All three activities are raised in myositis, more grossly in the acute than in the chronic form, and are restored to normal after successful treatment.
4 In muscular dystrophy the activities are raised; there is an equilibrium between intracellular enzyme renewal, efflux, and serum clearance. Further:-a This equilibrium is altered by rest, which causes lessened efflux, diminished serum activities, and intracellular enzyme accumulation, and by subsequent exercise discharging the accumulations to give even greater serum elevations than before.
b Both the original elevations and the magnitudes of their alterations are proportional to the mass of muscle remaining and to the rapidity of its destruction; and both are thus greater in early than in evident Duchenne type of dystrophy, less in limbgirdle dystrophy, and least in myotonia congenita. 
